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Abstract
Although advantageous in many regards, solid polymer electrolytes have the major disadvantage of low ionic conductivity, preventing commercial utilization. Amorphous polymers
have a higher lithium-ion conductivity than crystalline polymers. This is why many attempts
are made to decrease their crystallinity. The integration of nanoparticles has been shown to
effectively reduce a polymer’s degree of crystallinity, thus enabling faster Li-ion transport.
This work studies the integration of carboxyl-terminated carbon black (CB) and bariumtitanate nanoparticles into a PEO/LiTFSI polymer electrolyte (PE) with the final goal of
enhancing its Li-ion conductivity. Differential Scanning Calorimetry (DSC) was carried
out and showed a decrease in glass transition temperature, melting temperature, and
degree of crystallinity for the nanoparticle-doped PE. DSC therefore confirmed the increase
in amorphousness, which also agrees with findings from X-Ray Diffraction. Impedance
measurements show that the ionic conductivity slightly increases with adding either type of
nanoparticle but eventually reaches a maximum. At 60°C and 70°C the ionic conductivities
of the
PEO/LiTFSI electrolyte are 3.96 · 10−4

S
cm

and 9.46 · 10−4

S
cm ,

respectively. The addition

of 1wt% CB at 60°C raises the ionic conductivity to 1.14 · 10−3
BaTiO3 at 70°C leads to an ionic conductivity of 1.18 · 10−3

S
cm .

S
cm .

Adding 6wt% of

With the obtained PE,

full cells were built with an LTO anode and LFP cathode, showing that the cells cycle but
have very high internal resistances, leading to low capacities.
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1. Introduction

1.1. Motivation and Objective
Solid polymer electrolytes (SPE) are not flammable, which offers a significant safety advantage over conventionally used liquid electrolytes in lithium-ion batteries.

The biggest

disadvantage, however, is the low ionic conductivity of SPE, limiting their usage in these
batteries [3],[4]. This low conductivity results from their semi-crystalline to crystalline
nature. A variety of studies show that the ionic conductivity of amorphous polymer parts is
significantly higher than in crystalline parts [3],[5],[6]. In crystalline parts, the interaction
between the individual polymer chains is strong, reducing their segmental motion. However,
this movement is necessary for Li-ion transport [7]. The amorphousness of a SPE was found
to increase when adding nanoparticles into the polymer, as nanoparticles kinetically inhibit
the recrystallization of the polymer from higher temperatures [3].

Figure 1.1.: The essence of this work: the added nanoparticles keep the polymer in an amorphous
state when it is cooled down from a melt.

This leaves the SPE in a more disordered state. Figure 1.1 shows this principle schematically. The addition of BaTiO3 nanoparticles has already shown to improve the ionic
conductivity in various studies [3],[4],[8],[9]. It has led to PEO-based electrolytes with high
S
S
ionic conductivities of 2.2 · 10−5 cm
at 25°C and 1.9 · 10−3 cm
at 80°C [4]. In literature, such

high ionic conductivities have only been achieved by a solvent-based preparation method [4].

1

By adding carboxyl-terminated CB, the ionic conductivity could be increased by one-third of
S
an order of magnitude throughout every temperature and reached 5.62·10−5 cm
at 80°C [10].

The research for this thesis aims to increase the ionic conductivity of a PEO/LiTFSI
(Polyethyleneoxide as polymer and Lithium bis(trifluoromethanesulfonyl)imide as conducting
salt) polymer electrolyte (PE) by adding 50 nm-sized BaTiO3 particles and 150 nm-sized
carboxyl-terminated carbon black particles (CB) into the electrolyte.
After the PE has been prepared successfully, a full coin cell with a lithium iron phosphate
(LFP) cathode and a lithium titanate oxide (LTO) anode is built. In the first set of cells, the
polymer electrolyte contains the amount of BaTiO3 found to give the best ionic conductivity
of all BaTiO3 samples. The second set of cells is built with the PE containing the amount
of CB leading to the highest ionic conductivity of all CB samples. Good capacity retention
and high coulombic efficiency are the goals of these trials.

1.2. Structure of this Work
Chapter 2 begins by explaining the general structure and operating principle of an LIB,
including the presentation of the basic components. Then, a review of polymer electrolytes,
their components, their working mechanism, and a way of improving them is given. A
comparison of the most common electrode materials follows, and the materials used for
the anode and cathode in this thesis are described in more detail. The section ends by
presenting the analytical techniques used for this work. These include Differential Scanning
Calorimetry (DSC), Electrochemical Impedance Spectroscopy (EIS), and X-Ray Diffraction
(XRD).
Chapter 3 analyses the fabricated polymer electrolyte and presents results and conclusions.
Subsections include the fabrication of the PE, the change in glass transition temperature
with DSC, the measurements of ionic conductivity with EIS, and the increase in amorphousness visible via XRD.
Chapter 4 presents and discusses the cycling behavior of full LTO-PE-LFP cells. For this,
attention will be devoted to the specific capacity and the coulombic efficiency.
Finally, this work summarizes the results and provides an outlook with suggestions on
how to proceed with this project. The appendices give more detailed tables and figures, as

2

well as a mathematical analysis of how fast the coin cells transport heat.

3

2. Theoretical Background

2.1. Lithium Ion Batteries
Sony Corporation introduced the first rechargeable Lithium-ion battery (LIB) in 1991 by
incorporating a LiCoO2 /C system into their first mobile phone HP-211 [11]. Since then,
much research to improve the LIB system has been conducted, and the LIB resulted in
being the most used type of battery today [1]. Because of its chemistry, lithium leads
to batteries with a high theoretical capacity. Furthermore, LIB can achieve high energy
densities and high operation voltages up to 3.6V [12]. LIBs have a broad temperature range
of operation, no memory effect (voltage depression), a low self-discharge rate of 2% - 8%
per month, and reach high coulombic and energy efficiencies [1]. The lithium element has
a small ionic radius and thus low atomic weight compared to all other negative electrode
materials, resulting in light and compact batteries [2]. The schematic in Figure 2.1 compares
LIBs with other types of batteries, showing that LIBs have the highest gravimetric energy
density and can also be one of the highest power energy storage technologies.

Figure 2.1.: Ragone plot of different battery types for automotive applications.
SuperCap: supercapacitor; ZEBRA: Zero Emission Battery Research Activities. [13]

However, disadvantages of LIBs include their instability to overcharging, capacity loss or
thermal runaway, and their initial cost. Furthermore, they degrade at high temperatures
or when discharged below 2V. A protective circuitry is needed to prevent overcharge,
over-discharge and provide protection from extreme temperatures. This additional equipment
increases the weight of every battery pack, resulting in lower gravimetric and volumetric

4

energy density [1].
An LIB generally consists of a lithiated metal oxide as the cathode and a graphite-doped
carbon as an anode. A binder is added to the active materials of anode and cathode for
better stability. Furthermore, conductive additives like carbon black or graphite are mixed
into the electrode materials to enhance electronic conductivity. In between the electrodes
lies a porous separator, which allows the diffusion of lithium ions but prevents the contact
of anode and cathode. This contact would lead to a short circuit and cell failure. The
separator is surrounded by an electrolyte, commonly liquid, that conducts the lithium ions
back and forth between anode and cathode but does not allow the transport of electrons.
The cathode is attached to an aluminum current collector foil, and the anode is attached
to a copper current collector foil. These foils represent the electronic contacts in the battery.

Figure 2.2 shows the schematic set-up of an LIB as well as the ionic and electric flow.
While charging the battery, an external voltage is applied so that the lithium-ions leave
their low-energy position in the cathode and are driven to the anode. Here they intercalate
in the graphite layers, an energetically unfavorable state. When discharging, the lithium
ions move back to the cathode. Because of the obligatory charge neutrality, electrons follow
the Li+ ion’s direction over the external conductor.

Figure 2.2.: Schematic of an LIB showing the charge and discharge process

The anode is often referred to as the negative and the cathode as the positive electrode.
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This designation is not entirely accurate as the anode is defined as the electrode where
oxidation occurs, and the cathode is the electrode at which the reduction occurs. During
the discharge process, lithium is oxidized as it loses electrons. The cathode is the place of
reduction, as the active materials take in the electrons. The Li+ ions are still in their ionic
form. Anode and cathode are thus mostly named after their role in the discharge process.

2.2. Polymer Electrolytes
2.2.1. Classification and Overview
The electrolyte in an LIB conducts the Li+ back and forth between anode and cathode
but does not let electrons pass, as these have to reach the opposite electrode via the outer
circuit. Required properties of an electrolyte thus include a high ionic conductivity over
a wide range of temperatures but no electronic conductivity. The electrolyte is required
to have good chemical stability and compatibility with the electrodes so that it does not
degrade or attack the electrodes. It should offer a large interface with both electrodes to
ensure the active material is accessible and to reduce impedances that result from air gaps.
Liquid electrolytes (LE) are commonly used for manufacturing batteries as they have the
highest ionic conductivity. They consist of a lithium salt dissolved in an ether solvent [14].
However, LEs pose great safety hazards when leaking out as their components are toxic to
the environment and human health. Furthermore, the volatilization or leakage of the LE
can easily lead to explosions. As an alternative, solid electrolytes (SEs) were developed.
Unlike LEs, their solid state alleviates the safety concerns related to now impossible leaking.
Moreover, SEs are not volatile, as they have very low vapor pressures. At 45°C PEO with
g
diluted in water has a vapor pressure of only 9.4kPa [15]. SEs also simplify the
400 mol

design of batteries, as no entourage is needed for protection. Furthermore, it already acts
as a spacial barrier between anode and cathode, so no extra separator must be placed
between the two electrodes. SEs can be classified into oxide, sulfide, hydride, and halide
electrolytes. An overview of them is given in Table 2.1.
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Table 2.1.: Examples of solid electrolytes [16]

Type

Example
materials

Conductivity
[S/cm]

Advantages

Oxide

Li3.3 La0.56 TiO3 ,
NASICON
LiTi2 (PO4 )3 ,
LISICON
Li14 Zn(GeO4 )4

10−5 - 10−3

• High chemical • Non-flexible
and
electrochemical • Expensive
stability

Li2 S-P2 S5 ,
Li2 S-P2 S5 -MSX

10−7 - 10−3

Sulphide

Hydride

LiBH4 , LiBH4 -LiX
(X = Cl, Br or I),
LiBH4 -LiNH2

• High
mechanical
strength

10−7 - 10−4

• High
conductivity

• Sensitive to
moisture

• Good
mechanical
strength

• Poor
compatibility
with cathode
materials

• Low grain
boundary
resistance
• Low grain
boundary
resistance
• Stable with
lithium metal
• Good
mechanical
strength

Halide

Thin
film

Polymer

LiI, spinel Li2 ZnI4
and anti-perovskite
Li3 OCl

10−8 - 10−5

LiPON

10−6

PEO

Disadvantages

10−4 (65-78◦ )

• Poor
compatibility
with cathode
materials

• Stable with
lithium metal

• Sensitive to
moisture

• Good
mechanical
strength

• Low
conductivity

• Stable with
lithium metal

• Expensive

• Stable with
cathode
materials
• Stable with
lithium metal
• Flexible shape
and easy to
produce
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• Sensitive to
moisture

• Limited
thermal
stability
• Low oxidation
voltage (<4V)

All SEs have the common disadvantage of very low ionic conductivity and small interface
with the electrodes, making the fabrication of a powerful all-solid-state battery (ASSB)
difficult.
Polymer electrolytes (PE) represent a subcategory of SEs. They were first developed by
Wright et al. cited by [17] in 1973 and have been extensively studied since. Like SEs, PEs
alleviate the safety risks as the electrolyte cannot leak out. In addition, their flexibility
results in a larger interface with the electrodes, enabling better cell performance. Two
types of PEs must be distinguished: Solid polymer electrolytes (SPEs) and gel polymer
electrolytes (GPEs).

In SPEs, the lithium salt is dissolved by polymer chains. The electrolyte thus has a high
elastic modulus, mitigating the safety concerns regarding leakage, and can be prepared
as a free-standing film with high mechanical strength. Studies also found SPEs to react
less with the electrodes at higher temperatures [18]. Challenges that must be overcome
to commercialize SPEs are, most importantly, their extremely low ionic conductivity and
the small interface between electrode and electrolyte [19]. Both issues severely reduce ion
motion and therefore decrease charging rates and battery performance.

The GPEs are semi-solid, highly viscous organic materials with good mechanical strength
and high fire-resistivity [19]. They consist of a polymer matrix and lithium salts diluted
in a carbonate solvent. The polymer matrix provides mechanical stability, and the liquid
electrolyte ensures ionic conductivity. Because the phase conducting the Li-ions has similar
physiochemical and electrochemical properties as LEs, high ionic conductivities up to 3 ·
S
can be achieved [19]. However, as this electrolyte still requires solvents for its
10−3 cm

preparation, the safety concerns that LEs pose are not entirely alleviated. The solvent
poses a safety hazard during battery production and operation. Table 2.2 provides an
overview of the most used and studied polymers for GPEs.
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Table 2.2.: Examples of polymers used for GPEs [20]; a = amorphous

Polymer

Repeat unit

Tg [◦ ]

Tm [◦ ]

poly(ethylene oxide)
(PEO)
poly(propylene oxide)
(PPO)
poly(vinyl chloride)
(PVC)
poly(vinylidene fluoride)
(PVDF)
poly(vinylidene fluoridehexafluoropropylene)
(PVDF-HFP)
poly(acrylonitrile) (PAN)
poly(methyl methacrylate)
(PMMA)
poly(dimethylsiloxane)
(PDMS)

-[CH2 -CH2 -O]n -

-67

65

-[CH(-CH3 )CH2 O]n -

-60

a

-[CH2 -CHCl]n -

82

a

-[CH2 -CF2 ]n -

-40

171

-[CH2 -CF2 ]n - [CF2 CF(CF3 )]m -

-65

135

-[CH2 CH(-CN)]n -[CH2 C(-CH3 )(-COOCH3 )]n -

125
105

317
a

-[SiO(-CH3 )2 ]n -

-127

-40

The salt used in current LIBs is LiPF6 . This salt is selected because it offers high ionic
conductivity in the range of mS/cm at room temperature (RT). It helps form a stable
passivating solid electrolyte interphase on the graphite surface and is stable over a wide
electrochemical window. However, alternatives are needed because LiPF6 is thermally
unstable at temperatures over 80°C, degrades, and leads to highly flammable electrolyte
solutions [21],[22].
In most studies, the commonly used salts for the electrolyte are the lithium conjugate
base of acids such as HPF6 , HPF4 , and HSO3 CF3 . They lead to high ionic conductivities
and broad electrochemical windows as they have a high oxidation and electrochemical
stability [14]. Table 2.3 provides an overview of the most used lithium salts.
Many salts have severe disadvantages, making them unsuitable to replace LiPF6 : LiBF4
has too low of a conductivity to be efficiently employed, LiAsF6 is dangerous to the
environment and human health because of its toxicity and LiCLO4 is explosive [14]. One of
the most promising salts for replacing LiPF6 is the thermally stable LiTFSI [23]. However,
LiTFSI can corrode the aluminum current collector of the cathode [23].

9

Table 2.3.: Examples of lithium salts for LIB [1]

Salt

Formula

Mol. wt.
g
[ mol
]

Details

Lithium
hexafluorophosphate
Lithium
tetrafluoroborate
Lithium perchlorate

LiPF6

151.9

Most common

LiBF4

93.74

LiClO4

106.39

LiAsF6

195.85

Less hygroscopic than
LiPF6
When dry, less stable
than alternatives
Contains arsenic

LiSO3 CF3

156.01

LiN(SO2 C2 F5 )2

387

Lithium
hexafluoroarsenate
Lithium triflate
Lithium
bisperfluoroethanesulfonimide (BETI)

Al corrosion above 2.8
V, stable to water
No Al corrosion below
4.4 V, stable to water

2.2.2. Polyethyleneoxide and LiTFSI
In this work, the chosen polymer for the polymer matrix is PEO. The polyether PEO has
the chemical structure of H-[O-CH2 -CH2 ]n -OH as illustrated in Figure 2.3.

Figure 2.3.: Chemical structure of compound PEO/PEG

The compound is also referred to as Poly(ethylene glycol) (PEG), depending on the
g
molecular weight. If the PEO has a molecular weight below 20000 mol
, it is called PEG.

Even though the current ionic conductivities achieved with a PEO-based SPE are too
low for commercial applications, PEO is still widely studied [3],[4],[24],[25],[26]. This is
because the ethylene oxide units in the PEO have a high donor number for Li-ions and
high chain flexibility [26]. Both of these attributes are essential for lithium-ion conduction.
Furthermore, PEO has a high dielectric constant and can dissolute the Li-ions very well [26].
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The major drawback of using PEO is its semi-crystalline nature. Lightfoot et al., cited by [3],
found that the Li+ is coordinated by five oxygen atoms of the PEO, separating the lithium
cation from the anion. Other studies confirmed this and have also shown that the motion
of Li-ions is closely coupled to the local segmental movement of polymer chains [5]. Thus,
it is important to enable the PEO chains’ segmental motion to transport the Li-ions. High
chain movement is given in amorphous PEO, which has already proved to conduct Li-ions
considerably better, than crystalline PEO [5],[6], [5]. For this reason, great efforts are put
into decreasing the degree of crystallinity as much as possible. Attempts to do so include
the following:
1. The addition of plasticizer or nanofillers to the PE [17],[24],[27][28],[29]. Adding
plasticizers causes a material to be more flexible and have a lower viscosity. Often
liquid plasticizers, such as ethylene carbonate (EC) or propylene carbonate (PC) are
added to the PEO-lithium salt matrix to lower the glass transition temperature and
increase its ionic conductivity [29]. On the other hand, nanoparticles react with the
PEO chains and thus suppress the crystallization of the polymer [25]. More details
are given later in this section, as this phenomenon is the foundation of this thesis.
2. Blending polymers like PEO and methylcellulose (MC) are an effective method to
enhance the electrical and mechanical properties of electrolyte systems [30]. The
blending of polymers provides more complexation sites, which raise the ion migration,
increasing the ionic conductivity [31],[32].
3. Manufacturing block copolymers, where PEO with good conductive properties is
mixed with polystyrene (PS) with good mechanical properties [33].
4. Grafting short PEO chains onto polymer backbones or cross-linking of PEO-based
polymers [34], to have more short, entangled chains for the dissolution of lithium
salt [5].
In summary, PEO-based SPEs benefit from their high safety, ease of manufacturing, low
material cost, high energy density, good electrochemical stability, and high compatibility
with lithium salts [26]. Their major disadvantage is their low ionic conductivity due to the
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high crystallinity of the ethylene oxide chains. Especially at low temperatures, they are
very stiff and inhibit the transport of ions [4].

As a lithium salt, this thesis will use LiTFSI, C2 F6 LiNO4 S2 , represented in Figure 2.4.

Figure 2.4.: Chemical structure of LiTFSI

LiTFSI has a molecular weight of 287.09

g
mol

and a melting temperature of 236◦ C.

Due to this, LiTFSI proved to be very stable at temperatures as high as 100°C [35],
making it one of the best choices of salt in regards to safety. LiTFSI consists of the Li+
cation and the large anions TFSI− or [N(SO2 CF3 )2 ]− , where the charge is extensively
delocalized, resulting in weak cation-anion interactions. However, LiTFSI corrodes the
aluminum current collectors [36],[37], making it unsuitable for commercial batteries. A few
studies have found that electrolytes with high concentrations of LiTFSI lead to significantly
less or no corrosion of the current collector [37],[38], but more research must be conducted
until LiFTSI can be implemented for commercial applications.

2.2.3. Ion Transport Mechanism
The ionic conductivity of a polymer with dissolved salt can be calculated according to
Eq. (2.1) [39]:

σ=

X

zi · n i · µi

(2.1)

Here, z, n, and µ stand for the magnitude of each charge, the amount of charge carrier,
and the mobility of the charge carrier, respectively. The i refers to the type of ions. This
equation shows that the ionic conductivity depends on the amount of lithium salt. However,
the amount of salt cannot be increased indefinitely, as the mobility of the charge carrier
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decreases when more salt is added. The amount of lithium salt is commonly given by the
molecular ratio of lithium ions to oxygen atoms in the polymer, r, calculated as shown in
Eq. (2.2), where nLi+ is the number of lithium-ion moles and nEO is the number of ethylene
oxide moles.

r=

nLi+
nEO

(2.2)

The conduction mechanism of ions within polymer chains is explained with LiTFSI and
PEO as examples, as these components are used in this thesis. Macroscopically, the ionic
transport can be calculated by the Vogele-Tammanne-Fulcher (VTF) model [40], resulting
in Eq. (2.3). Here AA is a factor related to the number of charged ions, kB is the Boltzmann
constant, B is the pseudo-activation energy related to the polymer segmented motion and
T0 = Tg − 50 K is the temperature at zero-configuration entropy [41].


σ(T ) = AA T −1/2 exp −

B
)
kB (T − T0



(2.3)

Microscopically, the lithium-ion transport mechanism is not fully understood, but multiple
suggestions as to its principle have been made [42],[26],[7]. It is widely recognized that
cations move through re-coordination along the polymer backbone. The polymer chains
form cylindrical tunnels where the polar functional groups coordinate the cations. These
tunnels lay out the pathway for the cation’s movement and, thus, the ionic conductivity [41].
It has been suggested that the transport of Li+ within a solvent-free PE can be summed
up in three different ways [7]:
(a) The ions move along the polymer chains.
(b) The ions move along with segmental motion of the chains.
(c) The ions hop from one chain to another.
Figure 2.5 illustrates these three cases.
There are a variety of aspects that influence ionic diffusion within the electrolyte. These
include electrolyte preparation, storage time, combination and amount of salts, temperature,
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Figure 2.5.: Schematic of lithium-ion transport after [42]. (a) along the polymer chain, (b) with
polymeric chain, (c) from one chain to the next

and many more [4],[25],[36],[43]. At low salt concentrations, the driving motor of ion
transport is the polymer segmental motion. At high salt concentrations, the polymer chains
have already formed bonds with the ions, so new ions can no longer get attached. This is
why the salt no longer dissociates well, and self-diffusion of ions becomes more likely. Here,
the motion is assisted by polymer segmental vibration and is expected to be faster than
the transport due to segmental polymer chain movement [42],[44]. Both mechanisms are
illustrated in Figure 2.6.

Figure 2.6.: Schematic representation of ion conduction at (a) low salt concentration and (b) high
salt concentration. According to [42].
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2.2.4. Enhancement by Fillers
Carbon Black
A possibility of enhancing the ionic conductivity of an electrolyte is to insert nanoparticles
with a carboxyl termination, that is COOH+ . The hydrogen in the carboxyl termination
reacts with the ethylene oxide chains of the polymer. This bond hinders the chains from
reordering into the crystalline state so that the amorphousness is increased. Figure 2.7
illustrates the hydrogen bonding. A more amorphous state implies more movement of
the polymer chains and thus better transportation of the Li-ions. For this thesis, carbon
black nanoparticles with a carboxyl termination are added to the polymer mixture to
disrupt the crystallinity and enhance ionic conductivity. Inserting multi-walled carbon
nanotubes (MWCNT) with a carboxyl termination has already proven to enhance the ionic
conductivity of a PEO/PVDF-HFP-based polymer electrolyte [10] with these intermolecular
hydrogen bonding effects.

Figure 2.7.: Schematic of hydrogen bonding between the PEO and the carboxyl groups of the CB

Bariumtitanate
Adding ceramic nanoparticles to enhance the ionic conductivity is continuously studied.
They have been found to influence recrystallization kinetics of the PEO chains, promoting
local amorphous regions and therefore enabling better Li+ transport [3]. A couple of reasons
are brought forward as to why ceramic nanoparticles can keep the polymer amorphous. It
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is suggested that the acid sites on the surface of ceramic particles compete with acid Li+ to
form complexes with the oxygen of PEO chains. Therefore, ceramic nanoparticles could act
as cross-linking centers, inhibiting recrystallization and enhancing Li+ conduction pathways
at their grain boundaries [3]. Especially nanoparticles, which have a large surface area
compared to their mass, offer many complexation sites. DSC analysis has shown that when
cooling the doped sample, no recrystallization break occurs at around 60°C, the original
Tm [3]. The same results can be observed when heating the sample again after keeping it
at RT for several days. The smooth curve confirms that the doped electrolytes retain their
amorphous state at RT [3].
From a variety of ceramics, TiO2 and BaTiO3 show one of the greatest effects on enhancing
the ionic conductivity [4],[17],[45],[46],[47]. Adding 8wt% of 5nm BaTiO3 has provided SPEs
with ionic conductivities of 2.2 · 10−5

S
cm

at 25°C and 1.9 · 10−3

S
cm

at 80°C [4]. This increase

of ionic conductivity is related to the ability of BaTiO3 to keep the PEO in an amorphous
state at low temperatures [46]. It was confirmed that the BaTiO3 weakens the complexation
between PEO and lithium-ions by interacting with the PEO, so the Li-ions remain more
mobile [4]. Because BaTiO3 is a ferroelectric ceramic, it has a high dielectric constant,
resulting in a permanent dipole. This dipole interacts with the ethylene oxide compounds
of the PEO and enhances the dissolution of salt [4]. It is therefore believed that the ion
conduction happens mostly at the interface between BaTiO3 and the PEO [3],[25].
The size of the nanoparticles strongly influences the effects they have on the PE [4].
Smaller particles have a larger surface area and a higher diffusion coefficient. The large
surface area is advantageous, but an overly mobile particle cannot efficiently bind to the
PEO as they might diffuse further too easily. Bigger particles are less mobile but also have
less surface area.

2.2.5. Formation of the Solid Electrolyte Interphase Layer
The Solid Electrolyte Interphase (SEI) is a passivation layer covering mainly the graphitic
anode’s surface due to decomposition reactions of the electrolyte and its impurities [48]. The
SEI is primarily formed during the first cycle of a battery as a product of the electrolyte
reduction on the anode side [48],[49]. The reaction leads to a layer incorporating solvated
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lithium ions and the inorganic reduction products of the electrolyte and its impurities [1].
As this formation consumes the lithium irreversibly, the overall battery capacity after the
first cycle is reduced [49]. However, the SEI also spatially separates the solvent from the
electrode, inhibiting further consumption of the lithium. This protection leads to stable
cycles without significant degradation after the first cycle is completed and can even inhibit
dendrite growth, enhancing the battery’s safety [50]. The SEI is ionically conductive,
allowing lithium ions to pass, but the battery’s impedance is still increased as charge rates
are reduced [51].

2.3. Electrode Materials
2.3.1. Anode Active Materials
In an LIB, the anode must be built from a material that can reversibly store and reject
large amounts of Lithium-ions without affecting its structural and electrical properties.
Lithium is the lightest and most electropositive of all possible cathode materials and
has a high specific capacity of 3.86

Ah
g .

Additionally, it is easier to handle than the other

alkali metals. However, a pure lithium metal anode could easily react with the electrolyte
and form the SEI layer. Furthermore, after repetitive charge and discharge using a metallic
lithium electrode, the lithium forms dendrites that can grow until they eventually penetrate
the separator and induce a short circuit [1]. In order to build safer LIBs, carbon-based
materials are often used commercial batteries [14]. In general, anodic materials can be
divided into four groups:
1. Carbon nanomaterials: Because of the abundance of carbon, such materials are
cheap. They are also easily manufactured and can take several 1D, 2D, and 3D shapes.
Soft carbon, for example, graphite carbon, is highly crystalline, and the lithium-ions
intercalate between the layers of carbon. Here, they form LiC6 and thus reduce
the specific capacity to 372

mAh
g .

Hard carbon, or non-graphite carbon, is not as

crystalline and has good stability. However, they can lead to problems concerning
reversibility and capacity loss [52].
2. Transition metal oxides: Transition metal oxide (TMO) electrodes have a high
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theoretical capacity of 500 - 1000

mAh
g ,

a variable cell potential and an outstanding

cycle performance [53],[54]. They can significantly reduce lithium dendrite formation
and are less costly to produce than alloy anode materials. Disadvantages include
poor conductivity and large volume expansions when cycling, leading to electrode
powdering [54]. Furthermore, a possible voltage lag between charging cycles and TMO
electrodes promotes electrolyte decomposition. Some ideas have been investigated
to address these problems. For example, adding conductive carbon leads to higher
electrical conductivity, and a layered nanostructure design can ease the stresses caused
by volume expansion. Large surfaces enhance the speed of the reaction but at the
same time cause faster electrolyte decomposition and a loss of lithium [52].
3. Alloying materials: Metallic lithium forms an alloy with the metals or semi-metals
of groups four and five in the periodic table. The most researched materials are Si, Ge,
and Sb. The smaller the particle size, the shorter the diffusion path for lithium-ions.
In order to enhance conductivity, highly conductive elements such as Fe, Co and Ni
are added to the anode material. Si, Ge, and Sb have such good properties that they
are very likely to soon replace the commonly used graphite in anodes for LIBs [52].
The biggest issue with alloy electrode materials is their volume change when cycling,
which causes fading battery capacity. Advantages of such anodes are that the elements
Si, Ge, and Sn are abundant in nature and all have high capacities. They do not
intercalate Li+ easily, preventing lithium deposition and making the battery safer.
Furthermore, such anodes lead to batteries with high output voltage [52]. Using silicon
instead of graphite for the anode increases the anodes’ capacity by more than ten-fold
up to 4200

mAh
g .

The major drawback, however, is the massive volume change during

lithiation and delithiation [55]. The strains and stresses from this expansion cause the
SEI layer to rupture. A new SEI layer will always form on the Si surface, consume
more lithium and thus drastically decrease the battery’s capacity [56]. Germanium
behaves similarly to silicon, leading to an even better diffusion rate and coulombic
efficiency. The volume changes are still present, but as Ge is isotropic, the stress
is uniform. Studies have found compounds with Ge to have a reversible capacity of
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909

mAh
g

[57] and 1065.2

mAh
g

[58]. A disadvantage of Ge is that it is very expensive.

4. Metal organic frameworks: A metal-organic framework (MOF) comprises metal
ions and organic ligands. MOFs have a high conductivity and lead to a material
with a large surface area and flexible pore size, which can effectively reduce the
negative effects of volume changes during cycling. The cell potential can be adjusted
according to which ligands are chosen [59]. However, MOFs are still in the early stages
of development and need extensive research before being employed in commercial
applications [52].

Lithium Titanate
Commercial LIBs are made with carbonaceous anode materials because of their high specific
capacity, good cycling efficiency, long life cycles, and low lithiation potential (nearly 0 V vs.
Li/Li+ ) [14]. Using carbon also has some disadvantages, like the volume change of about
10 % while charging and discharging [60], causing rupture of particles and detaching the
anode from the current collector [61]. The low lithiation potential of the graphite anode
is not only an advantage but also leads to lithium dendrites. These especially form during
fast charging cycles or low-temperature charging [62]. A widely studied alternative material
is lithium titanate (LTO), Li4 Ti5 O12 . The anode for this work consists of that material.
LTO has a stable charge/discharge platform at 1.55 V vs. Li/Li+ and high cycling stability.
It shows nearly no volume change and has a high redox potential upon Li+ intercalation
and deintercalation [14], leading to only negligible dendrite formation. Coarse forms of
LTO however, have a low electronic conductivity and a slow Li+ diffusivity [14],[63],[64].
Gas generation at high temperatures can also be a problem [65]. As it still has significant
advantages, lithium titanate-based anode materials are widely studied and used.

2.3.2. Cathode Active Materials
Requirements for the cathode material of LIBs are high free energy of reaction with lithium,
the ability to incorporate large quantities of lithium, and the ability to store and release
lithium reversibly, without structural changes. Good electronic conductivity is as important
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as good Li+ diffusivity. Further requirements are low manufacturing and material cost, and
high stability in the presence of the electrolyte [1].
The cathode material used in most commercial batteries is LiCoO2 (LCO). LCO offers
good electrical performance, is easily manufactured, and enhances the battery’s safety, as
it is insensitive to moisture. Newly developed materials that have superior performances at
an even lower price are lithium manganese oxide (LiMn2 O4 ) or lithium nickel cobalt oxide
(LiNi1−x Cox O2 ). [1]
Table 2.4 provides a brief overview of the most used cathode materials.
Table 2.4.: Cathode materials [1],[2]

Cathode
materials

Specific
Capacity [ Ah
kg ]

Advantages

Disadvantages

LiCoO2
(LCO)

155

• In common use

• Moderate charged
state thermal
stability

LiMn2 O4
(LMO)

100 - 120

• Good cycle life
• Very good thermal
stability

• Moderate life cycle
• Lower energy

• Inexpensive
• High power
LiFePO4
(LFP)

160

• Very good thermal
stability and cycle
life

• Low energy
• Special preparation
conditions

• high power
LiNiMnCoO2
(NMC)

160

• Very good
combination of
properties (power,
energy, cycle life,
thermal stability)

• Patent issues

LiNi0.8 Co0.15
-Al0.05 O
(NCA)

180

• Very good energy

• Moderate charged
state thermal
stability

• Good power
capability
• Good life cycle

20

• Sensitive to
moisture even in
discharge state

Lithium Iron Phosphate
The cathode material chosen for this work is lithium iron phosphate (LFP), LiFePO4 .
During the charging process, the Li+ are extracted, and FePO4 remains without changing
the olivine lattice [66]. LFP is a widely studied cathode material and is considered a
promising candidate for the next generation of LIB. It has a theoretical capacity of 160 175 mAh
g , a stable discharge rate at a potential of about 3.4 V, low material cost due to
the abundance of raw materials, low toxicity, and is environmentally friendly compared
to other materials [67],[68]. Additionally, LFP has an excellent thermal and chemical
stability [68],[69]. The temperature stability results from the fact that the oxygen atoms
strongly bond to both the Fe and P atoms. LPF is stable up to 400°C while, for example,
LiCoO2 is only stable up to 250°C [70],[71]. This thermal stability is also the reason for its
excellent cycling performance and safety [69]. Disadvantages, however, include the relatively
low power due to very low electronic conductivity if not treated before usage [67],[72].
The electronic conductivities without treatment are of the order of 10−10
slow kinetics lead to poor rate performances [72].

S
cm

[73]. These

Alleviating these low conductivity

issues and reaching good performance at high currents can only be achieved through high
manufacturing costs for treatments like carbon coating [66],[68],[74].

2.4. Analytical Techniques
2.4.1. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy is a non-invasive method to analyze the electrochemical processes inside a battery. When exposed to either a voltage U or a current
I, the cell’s response to this excitation is measured, giving information about different
electrochemical phenomena that occur at distinct frequencies [75]. In potentiostatic EIS, a
sinusoidal voltage is applied, and the resulting sinusoidal current is measured. It is often
used for high impedance systems, as a low voltage leads to a low current response, which
is crucial for the system’s linear response. On the contrary, galvanostatic EIS applies a
sinusoidal current, and the corresponding voltage output is measured. This method is
used for low impedance systems. Here, it is important to control the current, as it would
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otherwise become too large for the instrument or damage the cell. This work uses the
potentiostatic method for EIS, as high impedances are expected. For this method, the
alternating voltage is applied over a range of frequency ω, and the current in response is
measured. The sinusoidal voltage has the attributes amplitude U0 , frequencies ω, and time
dependency t. These are all present in the equation for the voltage calculation:

U (t) = U0 sin(ωt)

(2.4)

The current response has same parameters. In addition, the current is slightly out of
phase with the voltage, which is expressed as the phase angle ϕ. This phase angle is added
to the equation:

I(t) = I0 sin(ωt + ϕ)

(2.5)

I0 represents the current’s magnitude or amplitude. Analog to ohms law, where the
resistivity is the ratio of voltage to current, the complex impedance Z is the ratio of the
applied voltage to the resulting current:

Z=

U
I

(2.6)

The complex impedance Z can also be shown in Cartesian coordinates by splitting it up
into the real and imaginary impedance Zre and Zim , respectively.

Z=

U
= Z0 ejϕ = Z0 (cosϕ + jsinϕ) = Zreal + jZim
I

(2.7)

This leads to the real component of the impedance:

Zreal = |Z|cosϕ

(2.8)

Zim = |Z|sinϕ

(2.9)

And to the imaginary component:
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Standard plots for representing and analyzing EIS data are the Bode plot and the Nyquist
plot. The Bode plot presents the magnitude of the impedance Z and the phase angle over the
frequency on the x-axis. A Nyquist plot displays the imaginary impedance component over
the real impedance component [75]. Figure 2.8 shows a data point consisting of Zreal and
Zim and the spectra obtained by a complete EIS measurement over a range of frequencies.

Figure 2.8.: Theoretical EIS schematics. Left: data point from EIS measurement in complex
impedance plot. Right: typical spectra obtained by a complete EIS measurement of
a PE over a range of frequencies

Specific frequencies show specific phenomena occurring inside a battery. The overview
in Figure 2.9 shows what part of the EIS plot corresponds to what phenomena inside the
battery cell. At high frequencies, the time scale for processes is so short that the ion
movement only happens because of the applied potential difference. At low frequencies,
the time scale matches the diffusional time scale, so ion transport takes place because of
diffusion and concentration gradients. Impedance caused by diffusion processes is called
Warburg impedance. It occurs at very low frequencies and appears in the Nyquist diagram
as a diagonal line with a 45° slope, also visible in Figure 2.8 and 2.9.
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Figure 2.9.: Allocation of resistance phenomena to section in Nyquist plot to decipher EIS results.

With Eq. (2.10) the ionic conductivity σ is calculated from the sample’s resistance R,
its thickness t, and its area A [75]. The resistance of the pure PE corresponds to either
the diameter of the second semicircle when measuring a full cell, see Figure 2.9, or to the
Zre value at the starting point of the straight line when analyzing only an electrolyte, see
Figure 2.8.

σ=

t
RA

(2.10)

Arrhenius Plots
An Arrhenius plot is often used to analyze the effect of temperature on chemical reactions.
Rearranging the Arrhenius equation (2.11)
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EA
k = A exp −
RT




(2.11)

leads to
EA
ln(k) = ln(A) −
R



1
T



(2.12)

Here, k is the rate constant, A is the pre-exponential factor, EA is the activation energy, R
is the ideal gas constant, and T is the temperature. Now ln(k) is plotted over the reciprocal
temperature, and the slope of the resulting straight line multiplied by negative R gives EA .

2.4.2. Differential Scanning Calorimetry
Differential Scanning Calorimetry is an analytical technique that observes changes in the
sample’s energy when undergoing a physical or chemical change. The sample and a reference
are heated or cooled at a certain rate.

The sample is maintained in thermodynamic

equilibrium with the reference so that when a reaction or a change occurs, the amount
of energy transferred to or from the sample can be quantified. When energy is released,
an exothermic reaction takes place. When energy is taken up, an endothermic reaction
takes place [76]. DSC also allows monitoring of the glass transition temperature Tg and
the melting temperature Tm , as the change in internal structure will be reflected in the
energy-temperature diagram. Tg indicates below which temperature the material transitions
from rubbery to glassy [76]. A more amorphous polymer needs less energy to increase chain
mobility. Thus, a lower glass transition implies less energy is needed for the structural
conversion from glassy (crystalline and brittle) to rubbery (amorphous). Figure 2.10 presents
a schematic of a DSC energy-temperature diagram.
The area below the melting peak, encapsulated by the fictive baseline, represents the
energy needed or released by the change to the sample material [76]. This melting energy
can then determine the percentage of crystalline phase XC in the sample. The following
formula determines the crystalline portion:

Xc =

∆Hmelt
· 100
∆H0
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(2.13)

Figure 2.10.: DSC schematic for evaluation of Tg and Tm including the baseline below the melting
peak in red.

∆H0 represents the energy the fully crystalline sample would need to melt.

2.4.3. X-ray Diffraction
X-ray Diffraction allows the analysis of a sample’s crystallographic structure. The sample’s
atoms re-radiate the incoming X-rays at the same energy but scattered over a range of
angles.

Figure 2.11.: Schematic of incident and scattered beam for X-ray diffraction. After [77]

A microscope measures the intensity and the angle of the scattered beam, which gives
information about crystalline or amorphous parts in a sample. With Bragg’s Law, shown
in Eq. (2.14), the degree of a material’s crystallinity can be determined [76]. The equation
contains n as the order of reflection, λ as the wavelength, d as the distance between parallel
lattice planes, and θ as the angle between the incident beam and the lattice, named Bragg
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angle.

n λ = 2 d sin(θ)

(2.14)

The incident beam scans over various angles θ, and the X-rays are reflected. The reflected
beams cause constructive and destructive interferences according to Bragg’s Law, resulting
in a pattern of low and high intensities. Whenever beams interfere constructively and create
a high-intensity peak, the distance d between the crystal planes can be back-calculated. A
highly crystalline material will show sharp peaks in the XRD spectrum at those angles
where a crystal plane has been hit. The smaller a crystal, the wider the peak. The absence
of a peak indicates an amorphous state. Other than studying the crystallographic structure
of a sample, X-ray diffraction can also provide information about the atom’s position, size,
and chemical bonds [77].
XRD also allows calculating the minimum value for the crystallite size of powders. For
this, the Scherrer equation (2.15) is used:

τ=

Kλ
βcos(θ)

(2.15)

The τ represents the mean size of the grains, and K is a dimensionless shape factor with
a value of 0.89 for this application [78]. λ is the X-ray wavelength, and β is the width of
the XRD peak at half the maximum peak intensity, called the full width at half maximum
(FWHM), in rad. The angle θ is the position of the peak height in rad. The relation
from the Scherrer equation agrees with the qualitative analysis XRD can provide about the
amount of crystallinity: The smaller β, meaning a sharper peak, the bigger the crystal size
inside the polymer.
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3. Polymer Electrolyte Analysis

3.1. Preparation of Polymer Electrolyte
3.1.1. General Fabrication Method
Table 3.1 lists the materials used for the fabrication of the PE.
Table 3.1.: Materials used for PE fabrication

Materials

Details

Supplier

PEO
LiTFSI
THF
Carboxyl-terminated
carbon black (CB)
BaTiO3

g
M = 100, 000 mol
g
M = 287.09 mol
ρ = 0.889 Lg
g
ρ = 1.8 cm
3
d = 150 nm
g
ρ = 6.02 cm
3
d = 50 nm

Sigma
Sigma
Sigma
Cabot

Aldrich
Aldrich
Aldrich
Corporation

Sigma Aldrich

To manufacture the PE, the PEO is mixed with the LiTFSI, obtaining an r-value for
the Lithium salt of r = 0.055. This ratio was previously found to lead to the highest
ionic conductivity [79]. The way of calculating r was explained in section 2.2.3. Then,
the correct amount of CB or BaTiO3 is added. After that, about 1ml of tetrahydrofuran
(THF) is added to distribute the nanoparticles better. All these steps are performed inside
a glovebox where the presence of oxygen and water is below 0.01ppm. The mixture is taken
outside the glovebox and stirred in the THINKY mixer for twelve minutes. After that,
the cup with the mixture is placed in the vacuum oven for annealing. The temperature is
set to 60°C for 24 hours. Lastly, the samples are taken from the oven and hotpressed to
a thin disk of approximately 500µm. The exact thickness is measured for every sample.
Figure 3.1 schematically shows the steps to fabricate the PE. Step 2, represented in red, is
only performed if CB or BaTiO3 is added.
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Figure 3.1.: Schematic of the PE fabrication steps

3.1.2. Introducing Additives
Inside the glovebox, the CB or BaTiO3 particles are added to the PEO/LiTFSI mixture.
The 150nm-sized CB particles were delivered stored in water, so they were dried at 150°C for
72 hours before entering the glovebox. The BaTiO3 particles arrived in powder form. A size
of 50nm was chosen for the BaTiO3 nanoparticles, as small BaTiO3 particles increase the
amorphousness and ionic conductivity of the PE the most [4]. The lithium salt concentration
is held constant for the different PE samples, and the amount of CB or BaTiO3 is varied.
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX)
are performed on a sample containing 1wt% of CB and on a sample containing 4wt% of
BaTiO3 so that the homogeneity of the mixture could be assessed.

3.1.3. SEM and EDX Results
As expected, no carbon particles could be observed with SEM because both the CB and
the PEO consist mainly of carbon. Figure 3.2 shows the SEM pictures of the sample with
added CB. The cross-section in Figure 3.2a shows no visible lithium salt, suggesting a good
dissolution of the salt into the PEO. However, some air holes were visible. Figure 3.2b
shows these holes in more detail. They probably decrease the ionic conductivity of the PE.
These holes could originate from the solvent evaporating during the step of annealing prior
to hotpressing. Figure 3.2c shows the top view on the PE disk, on which small crystals are
present. EDX analysis was conducted to determine the nature of these crystals. Figure 3.3a
provides an overview on where the EDX analysis was conducted. Figure 3.3b shows the
detected elements graphically and Figure 3.3c maps out the exact location of every detected
element. Carbon was encoutered everywhere except at the spots with the white crystals.
Oxygen and Nickel were found at the white crystal’s location, indicating these crystals could
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be nickel oxide. Fluorine and Sulfur are detected universally, pointing towards the good
dissolution of the LiTFSI.

(a)

(b)

(c)

Figure 3.2.: SEM example pictures for samples with inserted CB. (a) and (b) show cross sectional
images, (c) shows a top view.
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(b)

(a)

(c)

Figure 3.3.: EDX analysis of sample with inserted CB

SEM pictures of the sample containing BaTiO3 show that the lithium salt is distributed
in the polymer, but some agglomerations of particles other than LiTFSI are visible. These
particles are about 50nm in diameter, corresponding to the size of the BaTiO3 nanoparticles.
Analysis with EDX confirms that these particles are BaTiO3 . Figure 3.5a shows where the
EDX analysis was conducted. Figure 3.5b displays the detected elements graphically and
Figure 3.3c maps out the exact location of every detected element. Barium, Titanium and
Oxygen were detected in the location of the agglomerate. This shows, that the agglomerated
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particles are BaTiO3 . Sulfur, Fluorine and Carbon are primarily detected next to this
agglomeration. However, as they are also present within the BaTiO3 particles, the LiTFSI
seems to be well-distributed.

(a)

(b)

(c)

Figure 3.4.: SEM example pictures for samples with inserted BaTiO3 . An agglomeration of BaTiO3
particles can be seen in between of more homogeneously distributed BaTiO3 particles

(b)

(a)

(c)

Figure 3.5.: EDX analysis of sample with inserted BaTiO3
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3.2. Differential Scanning Calorimetry
3.2.1. Introduction
DSC analysis is performed on a DSC-60A Plus from Shimadzu. Before starting the measurement, the samples are weighed, placed in the DSC furnace, and cooled down to -63◦ C. A
K
heating rate of 10 min
then heats the samples to 75◦ C, and the heating data is collected.

The data is processed by the Postrun software belonging to the DSC-60A Plus and by an
Origin peak analysis to ensure correct data interpretation.

3.2.2. Results
DSC measurements show the Tg and Tm for every sample. Figure 3.6 compares the complete
run for the following four samples: pure PEO powder, a PE without additive, meaning PEO
with LiTFSI, a PE with 6wt% BaTiO3 as an additive, and a PE with 1wt% CB as additive.

Figure 3.6.: Comparison of DSC results for pure PEO, pure PE and the two modified samples with
the highest ionic conductivity: 1wt% of CB and 6wt% of BaTiO3

The area below the melting peak of pure PEO powder is bigger than the one of the three
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other samples. This confirms that the degree of crystallinity XC is strongly reduced by
adding the lithium salt and the additives, which agrees with results in the literature [80].
Table 3.2 lists the calculated values for XC .

Figure 3.7 shows the change in Tg and Tm for the CB samples. Graph 3.7a shows that Tg
of the samples with additive is lower than Tg of the undoped PE. The change is slight but
agrees with results in the literature [4],[6],[81]. This decrease was expected as the samples
with additives are supposed to be less crystalline, meaning that a lower temperature, i.e.,
less energy, is needed for the sample to transition from the glassy into the rubbery state.
The exact values for Tg and Tm are listed in Table 3.2. The Tm of the sample without
additive is slightly lower than with added CB. However, these melting temperatures are
significantly lower than for the PEO powder, whose Tm was found to be 66◦ C. The general
decrease in Tg confirms the increase in amorphous parts in the PE. The decrease in Tm
with added lithium salt and CB can also be explained by the increase in amorphousness, as
done in [6], leading to less energy being needed to heat the sample and melt it.

(a)

(b)

Figure 3.7.: DSC results for the samples with added CB showing (a) the change in Tg and (b) the
change in Tm

Figure 3.8 shows the change in Tg and Tm for the BaTiO3 samples. Again, the Tg is lower
than for the pure PE, which shows the decrease in crystalline polymer parts. Although Tm
is the lowest for the pure PE, again, all the melting temperatures are clearly lower than for
the PEO powder, pointing towards the much more amorphous sample.
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(a)

(b)

Figure 3.8.: DSC results for the samples with added BaTiO3 showing (a) the change in Tg and (b)
the change in Tm

Table 3.2.: Tg , Tm and XC of the PE samples

sample [-]

Tg [◦ C]

Tm [◦ C]

XC [%]

PEO powder
no additive

no data
-42.97

66
44.74

87.70
21.59

2
4
6
8

-46.07
-46.05
-46.31
-46.18

49.53
49.8
49.47
49.05

23.81
22.05
22.64
20.86

-46.73
-47.72
-47.06
-47.07

48.94
47.61
48.49
48.83

22.87
21.93
23.71
21.40

wt%
wt%
wt%
wt%

0.3
1.0
3.0
5.0

BaTiO3
BaTiO3
BaTiO3
BaTiO3

wt%
wt%
wt%
wt%

CB
CB
CB
CB

EIS analysis, presented in section 3.3, shows that samples have a higher ionic conductivity
when measured after being cooled down slowly from 70°C. This suggests that the polymer
has become more amorphous. For this reason, a DSC trial is conducted, where the same
sample is measured again after having completed a full DSC cycle until 75◦ C. Figure 3.9
displays the result of this DSC trial. The sample shows a smaller melting peak and a
reduced crystallinity of 16% instead of 22%. This result could indicate that the annealing
step at 60°C when fabricating the PE was not high enough for the PE to melt fully. In
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this molten state, the nanoparticles should distribute, interact with more PEO chains and
keep the PE at a high degree of disorder when it is cooled down again [3]. Furthermore, the
lithium salt could be more homogeneously distributed after the first heating cycle, as the
PEO was now clearly in a molten state. This present sample with the lowest crystallinity
strongly suggests that the CB particles helped the sample retain a more amorphous state
when cooled down to RT from the molten state.

Figure 3.9.: DSC results for the 0.3wt% CB sample, measured twice

Generally, it is advised to run a measurement with two heating cycles per sample [80],[82].
Heating the sample and cooling it down again eliminates the effects of thermal history [80].
Sudden, inexplicable changes in heat transfer between pan and DSC sensor are minimized
with this process [82]. For example, the first measurement in Figure 3.9 shows a small peak
slightly below 0°C, which could be an artifact eliminated by the second run. This artifact
could have occurred because the sample made better contact with the pan after having been
a melt.
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3.2.3. Conclusion
The DSC analysis generally shows the decrease in Tg when adding more CB or BaTiO3 into
the sample. Another observation is the decrease of Tm compared to pure PEO, indicating
the more amorphous structure that needs less energy to melt. Both observations agree with
results from the literature. The calculations for XC also show that PEO mixed with an
additive immediately leads to much more amorphous samples: The XC of a sample with
lithium salt and nanoparticles is reduced by 75% compared to pure PEO powder. More
unequivocal results might have been obtained if the sample had been annealed at higher
temperatures. A DSC trial with two heating cycles showed lower crystallinity, supporting
the idea that temperatures above 60°C have to be reached to enable the LiTFI and the
nanoparticles to distribute better and inhibit the PEO chains from reordering.

One aspect to keep in mind for future trials is that artifacts should be bypassed by
measuring every sample with two heating cycles. The sample-related and DSC sensor-related
artifacts would diminish, making DSC interpretation easier.

3.3. Electrochemical Impedance Spectroscopy
3.3.1. Introduction
For EIS measurements, the prepared PE samples are placed between two stainless steel
spacers and put into a coin cell as shown in Figure 3.10. Placing the PE in a coin cell is
necessary, as the top and bottom covers hinder the sample from flowing over the sides when
measuring at a temperature higher than the PEO’s melting temperature.
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Figure 3.10.: Schematic of the coin cell as assembled for EIS, not true to scale

EIS is performed with the VersaSTAT 3 from Princeton Applied Research. Figure 3.11a
shows the EIS set-up to hold the coin cell with the sample. The fabricated coin cell is
sandwiched between the two stainless steel holders, visible in Figure 3.11b. Four cables
reach toward the platform. The grey cable to the left is the working electrode sensing cable.
The white cable is the counter electrode sensing cable. The working electrode and counter
electrode reach the set-up via the green and red cable, respectively. The green cable sends
the signal, and the red cable receives the signal, while the grey and white cables do the
measurements. This socket is placed into a preheated oven half an hour before measuring
so that the coin cells can adapt to the desired temperature.

(a)

(b)

Figure 3.11.: Set-up for EIS measurements. (a) full coin cell holder, (b) close up of bracket for coin
cell
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3.3.2. Results
EIS results for Carbon Black samples
Figure 3.12 shows example Nyquist plots for the EIS measurements of the samples containing
CB. At 30°C and 40°C, a small semicircle is followed by the typical Warburg impedance.
The Zreal value at the starting point of the straight line provides the ohmic resistance
for the sample. At higher temperatures, the frequency-dependent phenomena move to
higher frequencies, which agrees with findings from literature [83]. At 50°C and higher
only a semicircle could be observed, even though the frequencies were as low as needed
for the Warburg impedance to appear for the BaTiO3 samples. The impedance taken
for these samples could be the x-intercept at the second end of the semicircle, but the
results are highly uncertain because these Nyquist plots could not be interpreted. Different
diffusion processes inside the CB samples at higher temperatures might be the reason for
this depressed Warburg impedance, but more experiments must be conducted to find a more
suitable explanation. At 50°C and higher, inductive effects start to show in the Nyquist
plots.
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(a)

(b)

(c)

Figure 3.12.: Example of Nyquist plots at 30◦ C, 40◦ C, 50◦ C and 60◦ C for the PE with added CB

All ionic conductivities obtained by EIS are summarized in Figure 3.13a. As expected,
the higher the temperature, the higher the ionic conductivity. Furthermore, 1wt% of CB
leads to the highest ionic conductivity for most temperatures. This agrees with a study
by Yu et al. [10], which also found that 1wt% of multiwalled carbon nanotubes enhanced
the ionic conductivity the most. However, the present increase in ionic conductivity by
adding CB is very small. Still, in further full cell analysis, the amount of 1wt% CB will be
the composition used for the CB-doped electrolyte. Table A.2 lists the values for the ionic
conductivities for all CB samples. At 50°C the 1wt% CB sample had an ionic conductivity
of 1.74· 10−4
S
cm

S
cm .

This value is higher than the one from literature, which is 5.01· 10−6

at 50°C [10]. Here, the researchers integrated carboxyl-terminated multiwalled carbon

nanotubes into their PE.
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(a)

(b)

Figure 3.13.: (a) Ionic conductivity of the PE with different amounts of added CB nanoparticles, (b)
Arrhenius plot for CB samples.

Figure 3.13b shows the Arrhenius plot for the CB samples. From this plot the activation
energy can be determined as described in section 2.4.1. The activation energies are listed
in Table 3.3.
Table 3.3.: Activation energy for the CB samples

CB [wt%]

kJ
EA [ mol
]

0.0
0.3
1.0
3.0
5.0

66.83
69.29
82.77
82.77
76.06

In theory, the slopes in the Arrhenius plots should be monotonous. The slopes only change
when structural changes like melting or solidification take place [4]. For this analysis, more
measurements should be carried out to narrow down the data points to one slope and to
make the slope statistically meaningful.

EIS results for BaTiO3 samples
Figure 3.14 shows example Nyquist plots for the EIS measurements of the samples containing
BaTiO3 . At 30°C, 40°C, and 50°C, a small semicircle and the Warburg impedance can be
detected. At 60°C and higher, the semicircle seems to vanish, and only the straight line
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can be observed. In reality, the semicircle does not disappear but can probably be found
at higher frequencies since frequency-dependent phenomena move to higher frequencies
at higher temperatures [83]. The highest frequency the used equipment could go to was 1
MHz. Perhaps the semicircle could still have been observed with a device going up to higher
frequencies. Another idea to observe the small impedances would be to use galvanostatic
EIS instead of potentiostatic EIS. At small voltages, the current response could still exceed
the current limit of the instrument. A high current could result in a non-linear response of
the system, which would make all equations for EIS interpretation unusable. The Nyquist
plots at 60°C and higher show inductive effects, which could not be avoided.

(a)

(b)

(c)

(d)

Figure 3.14.: Example of Nyquist plots at 30◦ C, 40◦ C, 50◦ C and 60◦ C for the PE with added BaTiO3

Figure 3.15a summarizes all ionic conductivities obtained by EIS for the BaTiO3 samples.
Again, the higher the temperature, the higher the ionic conductivity, and adding 6wt% of
BaTiO3 leads to the highest ionic conductivity for most temperatures. A study conducted
by Jayanthi et al., where nanometer-sized BaTiO3 was added to a PVdF-HFP polymer
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electrolyte, also found 6wt% of added BaTiO3 to lead to the highest ionic conductivities [84].
However, similar to the CB samples, the differences in ionic conductivity here are marginal.
Nevertheless, in further full cell analysis, 6wt% of BaTiO3 will be the composition used
for the BaTiO3 -doped electrolyte. The values for the ionic conductivities for all BaTiO3
samples are listed in Table A.1. The highest ionic conductivities were measured for the
samples of 2wt% BaTiO3 and 6wt% of BaTiO3 at 70°C with 1.48· 10−3
S
cm ,

S
cm

and 1.18· 10−3

respectively.

(a)

(b)

Figure 3.15.: (a) Ionic conductivity of PE with different amounts of added BaTiO3 nanoparticles,
(b) Arrhenius plot for BaTiO3 samples

Figure 3.15b shows the Arrhenius plot and Table 3.4 lists the calculated activation energy.
Again, the slope is not monotonous, indicating that more trials must be conducted to reach
statistical significance. Above 60°C the PE should be in a molten state, which explains the
much lower activation energy needed. Overall, the activation energies within each range of
temperatures are similar.
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Table 3.4.: Activation energy for the BaTiO3 samples

BaTiO3 [wt%]

EA from 30°C kJ
60°C [ mol
]

EA from 60°C kJ
70°C [ mol
]

0.0
2.0
4.0
6.0
8.0

66.83
71.02
71.58
72.14
72.14

23.74
53.18
33.24
31.34
36.09

Further Results
Impedances at 30°C after heating the BaTiO3 samples to 70°C were always lower than
at 30°C without previous heating. Figure 3.16a shows the Nyquist plots for 1wt% CB
and 6wt% BaTiO3 before having heated up the samples. Figure 3.16b shows the Nyquist
plots for the 6wt% BaTiO3 sample after it has been heated up to 70°C. As can be seen,
the impedances are much lower for the second case and results in an increase in ionic
conductivity from 1.45 · 10−6

S
cm

to 2.05 · 10−5

S
cm

for the BaTiO3 sample. The CB sample

was also measured after being heated up, but the Nyquist plot showed no clear graph for
proper interpretation. Figure A.1 in the appendix shows this Nyquist plot. More trials have
to be conducted to obtain interpretable graphs.

(a)

(b)

Figure 3.16.: (a) Nyquist plot for the 1 wt% CB and 6 wt% BaTiO3 samples at 30◦ C before heating
up, (b) Nyquist plot for the 6 wt% BaTiO3 sample at 30◦ C after them heating up.

This reduced impedance could have two explanations. Either the process of cooling it
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down from the melt at 70°C results in a more amorphous sample, enhancing the ionic
conductivity, or the sample has molten, flown to the sides, resulting in a thinner disk of
electrolyte. DSC results presented in the previous section point towards the first explanation.
The lithium salt and the BaTiO3 have probably distributed more homogeneously due to
the high temperatures and lead to a more amorphous sample. This sample has a higher
ionic conductivity because of the better Li-ion transport. Again, this result points toward
the idea that the annealing temperature of 60°C might not have been high enough.

3.3.3. Conclusion
EIS measurements show small enhancements of ionic conductivity in the doped PE. 1wt%
of added CB or 6wt% of added BaTiO3 lead to the highest ionic conductivities, even though
the increase is small. At 30°C the conductivities of the best CB sample and the best BaTiO3
sample are 1.27 · 10−6

S
cm ,

and 1.45 · 10−6

S
cm ,

respectively. At 60°C the conductivities of

the best CB sample and the best BaTiO3 sample are 1.14 · 10−3

S
cm ,

and 5.45 · 10−4

S
cm ,

respectively. At 70°C the 6wt% BaTiO3 sample reaches an ionic conductivity of 1.18 · 10−3
S
cm .

Furthermore, the ionic conductivities of samples that were heated to 70°C before measuring
were higher than without the heat treatment. This strongly suggests that the molten state of
the PEO was reached so that lithium salt and nanoparticles could distribute better. With
better dispersion, they could inhibit the rearranging of the PEO chains better, leaving
behind a more amorphous sample. This sample then had lower impedances and thus a
higher ionic conductivity.

The Nyquist plots for the CB samples at temperatures above 50°C are not fully understood
and lead to no certain conductivity values. More EIS trials in the galvanostatic mode,
especially at higher frequencies, should be conducted so that the data points likely to arise
from induction effects disappear from the Nyquist plots. In addition to that, measurements
with more data points at high frequencies should be carried out to be able to fit the data
with equivalent circuit models and have more precise results.
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3.4. X-Ray Diffraction
3.4.1. Introduction
XRD is conducted using the UltimaIV X-RAY DIFFRACTOMETER from Rigaku over the
range of angles from 10◦ to 30◦ with 60 seconds acquiring time per measurements point.
The goal is to see the broadening of the typical PEO peaks. The shape of the peak and the
Scherrer equation are used to calculated the crystallite size. This crystallite size and the
visualized XRD spectra are used to draw qualitative conclusions about the sample’s degree
of crystallinity.

3.4.2. Results
Figure 3.17 shows the XRD spectra of the pure PEO powder and the electrolyte consisting
of PEO and LiTFSI. The PEO shows its two characteristic peaks at 19.1◦ and 23.3◦ that
are attributed to the (120) and (112) planes of the PEO crystal [6],[81]. A clear increase in
amorphousness can be observed when lithium salt is added, as the baseline is no longer flat
and smooth. The PEO peaks are slightly shifted towards lower angles, which agrees with
what was found in previous studies [6]. This peak shift shows that the lattice structure
of PEO is disturbed by the presence of additives [6]. However, the change is minimal and
indicates that the additives do not enter the crystalline phase. For simplicity, the two large
peaks at 19.1◦ and 23.3◦ are called peak 1 and peak 2, respectively. The described peak
shift is further analyzed in Figures 3.18a and 3.20a.
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Figure 3.17.: Increase in amorphousness of sample by adding LiTFSI

The locations of the peaks, the FWHM, and the crystal size for the PEO powder and
undoped PE are shown in Table 3.5. The instrument peak-broadening is ignored, as it is
often much smaller than the sample peak-broadening for these applications [85]. The PE’s
crystal size calculated from the first peak is bigger than for the PEO powder, which is
contrary to the expected increase in amorphousness. The second peak provides a nearly
equal crystal size for both samples. However, the XRD spectra clearly show a broader peak
for the PE than for the PEO so a quantitative analysis could suffice.
Table 3.5.: Materials used for PE fabrication

Pure Samples

No [-]

Location [deg]

FWHM [deg]

Crystal size [nm]

PEO powder

1
2
1
2

19.10
23.11
18.92
23.31

0.2862
0.7264
0.1307
0.6288

29.36
11.89
64.23
13.75

PE w/o additive

Samples including Carbon Black
Figure 3.18a and 3.18b show the spectrum of pure CB powder, proving that the powder
is highly amorphous. Figure 3.18a shows the peak shift, indicating the interaction between
PEO and the additives. The peak shift due to the additives is very small, so it is possible
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that the additives have not yet or only partly reached the crystalline phase. Table A.3 lists
the exact locations of peaks 1 and 2 for every trial. According to Bragg’s Law, Eq. (2.14), a
peak shift to smaller angles implies a bigger d-spacing between the crystal layers. To better
assess the increase in amorphousness, multiple CB spectra are layered in Figure 3.18b. This
shows that adding CB increases the amorphousness further.

(a)

(b)

Figure 3.18.: (a) Comparison of XRD results for samples with added CB, (b) Normalized XRD
results for the PE samples with added CB to show the increase in amorphousness.

In order to calculate the average crystal size, the Scherrer equation is used as described
in section 2.4.3. Results of the calculation for the FWHM and crystal size are listed in
Table A.3. The sample of 0.5wt% CB has the smallest crystal size, suggesting that this
sample should be most amorphous. The FWHM and crystallite size for all samples are
plotted in Figure 3.19. The results for the FWHM are incompatible with the idea that
smaller crystallite sizes lead to lower ionic conductivity. Originally, the Scherrer equation
was developed for powder XRD [86]. The Scherrer equation might not be an appropriate
indicator of amorphousness when it comes to gel-like or solid substances. Additionally,
the Scherrer equation only gives information about a single dimension of a crystal. Maybe
the crystalline phase in the PEO does not consist of symmetrical crystallites but rather of
irregular, elongated, or slim crystals. This would make the calculation of crystallite size very
difficult. Nevertheless, the XRD plots show that the doped samples are more amorphous
than the undoped ones.
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Figure 3.19.: FWHM and crystallite size of the samples containing CB

Samples including BaTiO3
In Figure 3.20a and 3.20b, the spectrum of pure BaTiO3 shows a flat baseline and one
significant peak at 21.9◦ . This peak is found in the electrolyte spectra when BaTiO3
is added, proving its presence. Furthermore, the peak shift can be seen, indicating the
interaction between PEO and LiTFSI. The 8 wt% BaTiO3 sample seems to shift to the
right, but more trials of the same sample should be done to attribute importance to that
backward shift. Table A.4 lists the exact location of all peaks. To better assess the increase
in amorphousness, some BaTiO3 spectra were layered in Figure 3.20b. The graph indicates
that the 6wt% sample has an increased amorphousness over the pure PE sample, agreeing
with DSC results.
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(a)

(b)

Figure 3.20.: (a) Comparison of XRD results for samples with added BaTiO3 , (b) Normalized XRD
results for the PE samples with added BaTiO3 to show the increase in amorphousness.

Again, the Scherrer equation is used to calculate the average crystallite size. Table A.4
presents the results for the FWHM and crystal size. The smallest crystal size was calculated
for 6wt% of BaTiO3 . This agrees with it being the most amorphous sample and having
the highest ionic conductivity. Even though the calculated crystal sizes fit the expected
results in some parts, no trend of decreasing crystal size with increasing BaTiO3 content is
visible. Again, the Scherrer equation might not apply to substances other than powders.
The FWHM and crystallite size for all BaTiO3 samples are plotted in Figure 3.21.
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Figure 3.21.: FWHM and crystallite size of the samples containing BaTiO3

Comparison Carbon Black and BaTiO3
As the EIS measurements indicated, the addition of 1wt% of CB or 6wt% of BaTiO3 led to
the highest ionic conductivity, so these two compositions are compared in Figure 3.22. The
two spectra look very similar, besides the obvious peak at 21.9◦ coming from the BaTiO3 .
It is thus plausible that these two PEs perform similarly regarding their ionic conductivity.

3.4.3. Conclusion
Comparing the XRD spectra of PEO powder and a pure PEO/LiTFSI PE show that the
lithium salt greatly increases the PE’s amorphousness. In addition, the two prominent
PEO peaks shift slightly to lower angles when adding LiTFSI. This indicates the interaction
between both materials and results in an increase in d-spacing between the crystal planes.
When adding CB or BaTiO3 , the baseline further deviates from the horizontal, showing an
increased amorphousness. The two peaks shift to even lower angles, though most of the
peak shift is probably due to the addition of LiTFSI. The crystal sizes for the sample with
either CB or BaTiO3 are very similar. However, no clear trend following the amount of
additive can be detected in the crystallite size. The Scherrer equation thus might only be a
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Figure 3.22.: Comparison of XRD results for the two samples of highest ionic conductivity: 1 wt%
of CB and 6 wt% of BaTiO3

good indicator of crystallite size in powders. The crystal sizes from the first peak are much
bigger than from the second peak. This indicates that not all PEO crystal planes have been
affected equally by the addition of LiTFSI and the nanoparticles.
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4. Full Cell Analysis

4.1. Introduction
Full coin cells were built to evaluate the performance of the electrolyte when subject to
letting Li+ pass through. All tests were executed at 40°C as this slightly facilitates the Li+
conduction through the PE compared to testing at RT.
First, full cells with 6wt% of BaTiO3 in the electrolyte are built and cycled. After that,
full cells with 1wt% of CB in the electrolyte are built and cycled.
The materials used for the fabrication of the full cells are listed in section 3.1.1 and in
Table 4.1.
Table 4.1.: Materials used for full cell fabrication;

∗

= polypropylene/polyethylene/polypropylene

Materials

Details

Supplier

LTO
LFP
PVDF
SuperP CB
NMP
Celgard(R)2325
Separator

Diameter: ≤ 200nm
Diameter: 4µm
Melting point: 160°C
Diameter: 40nm
ρ = 1.03 Lg
Thickness: 25µm Trilayer
microporous membrane∗

Sigma Aldrich
MTI
MTI
MTI
Sigma Aldrich
CELGARD®

4.2. Manufacturing of Full Cell
4.2.1. Electrode and Electrolyte Fabrication
The LTO anode and LFP cathode are prepared with a solvent-based method, as this greatly
facilitates the processability, leads to a more homogeneous solution, and enables a thin
homogeneous coating on the current collector. For the electrode slurry, the active material
powder is mixed with the binder PVDF, Super P65 carbon black, and the solvent NMP. The
resulting anode and cathode composition are shown in Table 4.2 and 4.3, respectively. The
electrolyte was directly coated on the electrode layer. First, this method should ensure a
large interface between electrode and electrolyte, decreasing resistances and enabling better
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ionic conductivity. Second, introducing the electrolyte into the electrode brings the active
material into closer contact with the PE and allows for shorter diffusion ways for the Li-ions
into the bulk electrolyte. The fabrication steps for this electrode/electrolyte composite are
illustrated in Figure 4.1 for the anode and 4.2 for the cathode.

(a)

(b)

(c)

(d)

Figure 4.1.: Fabrication steps for the anode. (a) The anode slurry is coated on the copper current
collector, (b) the PE is prepared, (c) the PE is coated on the dried anode, (d) the dried
anode is stamped out to coin-cell-sized anodes.

Table 4.2.: Anode Composition

(a)

LTO

PVDF

Carbon black

90 wt%

7 wt%

3 wt%

(b)

(c)

(d)

Figure 4.2.: Fabrication steps for the cathode. (a) The cathode slurry is coated on the aluminium
current collector, (b) the PE is prepared, (c) the PE is coated on the dried cathode, (d)
the dried cathode is stamped out to coin-cell-sized cathodes.

Table 4.3.: Cathode Composition

LFP

PVDF

Carbon black

91 wt%

6 wt%

3 wt%

The slurry is coated on top of the current collector and then dried in a vacuum oven
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at 110◦ C for four hours. As a next step, the PE is prepared as described in section 3.1.1,
except that 10ml of THF is added instead of only 1ml. The resulting lower viscosity ensures
good flow abilities when the PE is coated on the electrode. The PE has either CB or
BaTiO3 incorporated. Once the PE is coated, the electrode-electrolyte assembly is dried in
the vacuum oven at 110◦ C for four hours. Once the solvent has evaporated, small round
electrode/electrolyte composites are stamped out of the fabricated sheet and dried in the
vacuum oven overnight at 110◦ C.

4.2.2. Cell Assembly
The full cells are assembled in the following way: A gasket is placed over the bottom part of
the coin cell. The stamped-out composite of cathode material and PE is placed inside the
bottom cover. The coated PE faces upwards. A Celgard® separator is placed on top of the
cathode-PE combination, and 20µl of NMP is dripped onto the separator. The anode-PE
composite is placed on top of the separator, with the PE coating facing down toward the
separator. A spring is placed on top of the copper current collector. Figure 4.3 shows the
full cell assembly.

Figure 4.3.: Schematic of full coin cell composition for cycling tests, not true to scale
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4.3. Cycling Behavior
4.3.1. Introduction
Cycling tests were carried out with two types of cells. One with 6wt% BaTiO3 and one
with 1wt% CB added to the PE. The cycling procedure can be found in Table A.5.

4.3.2. Results
Results for cells with 6wt% added BaTiO3
The dimensions for this cell’s components are listed in Table 4.4. The anode is over-dimensioned
compared to the cathode, as overcharging the anode would result in immediate failure due
to lithium plating and dendrite growth.
Table 4.4.: Average dimensions for full cells with BaTiO3 enriched PE

Component

Thickness before drying
[µm]

Thickness after drying
and with PE [µm]

LTO anode
LFP cathode

150
100

78
48

Figure 4.4 shows the cycling results for a cell with a BaTiO3 enriched electrolyte.
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(a)

(b)

(c)

Figure 4.4.: Cycling results for the cell with 6wt% BaTiO3 added to the PE. (a) Voltage and current
profile over several cycles, (b) specific discharge capacity over the cycles, (c) coulombic
efficiency over the cycles

In theory, the LFP cathode should have a capacity of 175
only show a maximum capacity of about 4.85

mAh
gLF P

mAh
gLF P .

These results, however,

with decreasing tendency. This is 2.7 % of

the theoretical capacity and indicates that the anode is not lithiated. The internal resistance
is very high, leading to poor ionic conductivity. A reason for the poor behavior could also
be the mixture of two different solvents: For the fabrication of the PE, the solvent THF was
used. However, the recipe for the fabrication of the anode and cathode requires NMP as the
solvent. NMP was also used to soak the separator between the cathode/PE composite and
the anode/PE composite. The THF may not be suited for the chosen electrode materials
or might not work well in combination with NMP. A solvent analysis must be carried out
to study that problem. The coulombic efficiency lies between 90% and 100% throughout
the cycling process. However, coulombic efficiencies near 99.9999% should be achieved to
ensure stable cycle life.
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Results for cell with 1 wt% added CB
In a second set, thinner anodes and cathodes were prepared. They were expected to
enable faster access of the active material to the electrolyte, which would decrease internal
resistances. The electrode composition stays the same, and the new dimensions are listed
in Table 4.5. In addition, the electrolyte coating was 2-3 times thicker than before, as it
might have been possible that the 4µm thick electrolyte coating from the cells before did
not cover the anode and cathode completely.
Table 4.5.: Average dimensions for full cell with CB enriched PE

Component

Thickness before drying
[µm]

Thickness after drying
and with PE [µm]

LTO anode
LFP cathode

80
50

56
39

As the specific capacity and the coulombic efficiency were even lower for these cells,
the results are not part of the thesis and are only shown in the appendix in Figure A.2.
Probably no Li+ transport took place because of high resistances so that the anode was not
lithiated. Before allowing a well-founded statement, more trials with these cells and with
the respective half cells must be conducted.

4.3.3. Conclusion
Full cells with an LTO anode, LFP cathode, and modified PE were built. Although the
cells seemed to cycle for over 100 cycles, the actual transport of Li-ions is questionable. The
discharge capacity for the CB-doped PE and the BaTiO3 -doped PE reached values of 2.7%
or less than the theoretical capacity. The coulombic efficiency is significantly too low for
good cycle stability. Ideas to improve the full cell performance would be to calendar the
anode and cathode so that the active material contains less insulating air. Other than that,
the PE layer could be fabricated by coating several PE layers on top of each other, with
four hours of an annealing treatment in between, so that the solvent can homogeneously
evaporate. Furthermore, a study regarding the compatibility of THF and NMP as solvents
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should be conducted, or the solvent NMP should be tried for the PE. The solvent NMP
might also reduce the binding effect of the binder, leading to the detachment of the electrode
from the current collector.
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5. Conclusion

In the first part of this work, the PEO-based polymer electrolyte with and without the
addition of carboxyl-terminated CB particles and ceramic BaTiO3 particles was investigated.
The objective of both types of nanoparticles was to immobilize the PEO chains of a molten
PE, retaining the amorphous state when cooling the PE down. Thus, the crystallinity of
the PE is reduced, enhancing its ionic conductivity [3],[4].

DSC results show a reduction in Tg and Tm when lithium salt is added and even more
when CB or BaTiO3 are added. A reduced Tg indicates that less energy is required to
transition from the crystalline to the amorphous state, suggesting that a greater portion of
the polymer is already amorphous. A reduced Tm indicates that less energy is needed to melt
the polymer electrolyte, which also shows an already disordered state. Both observations
indicate the increase in amorphousness through the addition of CB and BaTiO3 .

EIS results show that the ionic conductivity can slightly be increased by adding CB or
BaTiO3 to the PE. Adding 1wt% of CB or 6wt% of BaTiO3 to the PE show the greatest
enhancement in ionic conductivity. At 30°C the conductivities of the pure PE, the best CB
sample and the best BaTiO3 sample are 2.17 · 10−6

S
cm ,

1.27 · 10−6

respectively. At 60°C the respective conductivities are 3.96 · 10−4
5.45 · 10−4

S
cm ,

of 1.18 · 10−3

S
cm ,

and 1.45 · 10−6

S
cm ,

S
cm ,

1.14 · 10−3

and

S
cm ,

respectively. At 70°C the 6wt% BaTiO3 sample reaches an ionic conductivity

S
cm .

The Nyquist plots of the CB samples for measurements above 50°C could

not be interpreted with certainty, as they did not show the typical impedances. Chapter 6
will present ideas to obtain more information about these measurements.
In agreement with DSC results, EIS results strongly suggests that the 60°C annealing
temperature was not high enough to melt the PE. The lithium salt and the nanoparticles
were only distributed homogeneously after the sample had been heated to approximately
70°C for both DSC and EIS. In agreement with that, SEM pictures show agglomerations of
BaTiO3 particles, proving that the BaTiO3 was not sufficiently dispersed.
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XRD spectra show an increased amorphousness for the samples with added LiTFSI and
even more significantly with added CB or BaTiO3 [10],[80]. Furthermore, the two most
prominent PEO peaks are still visible in the doped samples but are slightly shifted to lower
angles, which agrees with the literature [6]. This indicates that all the additives interact
with the PEO. However, as the shift is only slight, the additives might not have reached
the PEO’s crystalline parts yet.

The second part of this work focuses on a full coin cell assembly and its cycling process.
The LTO anode and LFP cathode were coated on a copper and aluminum current collector,
respectively. The PE with added CB or BaTiO3 was prepared as a low-viscosity slurry to
coat it on top of the anode and cathode. This coating process was supposed to ensure a large
interface between electrode and electrolyte to facilitate Li-ion conduction. The cells with a
BaTiO3 -doped PE cycled but only had a specific discharge capacity of 2.7% of the theoretical
capacity of LFP. The coulombic efficiency was also too low for any real-life applications.
The second set of cells with a CB-doped PE had an even lower specific discharge capacity
and lower coulombic efficiency than the first set. An explanation could be that the cell had
very high resistances, as the electrodes were not calendered. Another reason could be the
mixture of two different solvents for the preparation of electrolyte and electrodes, which
might not be compatible with each other.

In summary, the addition of carboxyl-terminated CB or BaTiO3 increased the amorphousness and the ionic conductivity of the PE. The changes were slight, but ideas for their
enhancement were raised. The full cell with this electrolyte cycled but had such high
impedances that the anode probably did not lithiate, leading to low capacities.
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6. Outlook

This chapter presents ideas for future work on this topic to increase the ionic conductivity
of the PEO-based PE and obtain better cycling results for full cell analysis.

The DSC trials should be conducted with two heating cycles to eliminate the effects of
thermal history. Microstresses during the first heating cycle or inconsistent contact area
between PE and DSC pan affect the thermal heating cycle and lead to incorrect peaks in
the energy-temperature diagram.
Because of the high probability that the lithium salt, the CB, and the BaTiO3 dissolve
better at higher temperatures, EIS measurements should only be carried out after having
heated the PE to 70°C. The heating could be done by either increasing the annealing
temperature to 70°C or quickly heating the coin cell to 70°C before measuring. The LiTFSI
and the nanoparticles distribute better and retain the disorder in the PE when cooling
down. The values for ionic conductivities are much higher when measured after heating
the sample up and then cooling it down. In addition, a coin cell should be opened after
analyzing it with EIS to exclude the possibility that the PE has flown to the sides and
become thinner, which would naturally lead to better ionic conductivity. Furthermore, the
EIS results could be interpreted more accurately if more data points were present at high
frequencies. That way, the Nyquist plots can be fitted with an equivalent circuit model,
calculating the exact impedance values.
More XRD measurements with the same kind of sample should be carried out to ensure
reproducibility.
To discern long-term changes in the polymeric structure the same analytical tests should
be conducted on the PE after letting it sit for certain time intervals. This could include
testing after one week, after one month and more.

For better cycling results, the PE could be coated on the electrode in various layers so
that an annealing step could be included between every coating. That way, the complete
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evaporation of the solvent and the complete covering of the electrode is ensured. Other than
that, the same solvent should be used for the electrodes and the electrolyte to prevent the
possibility of the solvents not interacting well together. In addition to that the effect of the
solvent on the binding capacities of the binder should be analysed. For the electrode itself,
more CB could be added for better conductivity, and the size of the active material could
be reduced even more for improved contact and reduced Li-ion diffusion distances. The
electrodes should also be calendered to have a better connection between the active material
particles and reduce the amount of encapsulated air, lowering the electronic conductivity.
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A. Supporting Data

A.0.1. Data for EIS
Table A.1.: Ionic conductivities for the BaTiO3 samples

Temp.
[°C]

0.0wt%

2wt%

4wt%

6wt%

8wt%

30
40
50
60
70

2.17E-6
5.92E-6
4.05E-5
3.96E-4
9.46E-4

1.18E-6
4.76E-6
3.10E-5
4.06E-4
1.48E-3

1.21E-6
5.24E-6
2.78E-5
4.35E-4
9.47E-4

1.45E-6
6.29E-6
8.91E-5
5.45E-4
1.18E-3

1.16E-6
4.92E-6
3.14E-5
4.48E-4
1.07E-3

Table A.2.: Ionic conductivities for the CB samples

Temp.
[°C]

0.0wt%

0.3wt%

1.0wt%

3.0wt%

5.0wt%

30
40
50
60

2.17E-6
5.92E-6
4.05E-5
3.96E-4

1.17E-6
5.14E-6
2.92E-5
4.99E-4

1.27E-6
6.58E-6
1.74E-4
1.14E-3

9.80E-7
6.85E-6
1.18E-4
9.01E-4

1.16E-6
5.49E-6
6.31E-5
6.09E-4
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Figure A.1.: Nyquist plot for the 1wt% CB sample at 30◦ C after having heated it up

A.0.2. Data for XRD
Table A.3.: Peak locations of XRD spectra for the CB samples.

Pure Samples

No [-]

Location [deg]

FWHM [deg]

Crystal size [nm]

0.05 wt CB

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

18.80
22,64
18.52
22.72
18.68
22.90
18.75
22.98
18.81
22.92
18.67
22.98
18.87
22.67
18.94
22.76
18.79
23.02

0.2367
0.6762
1.3970
0.4985
0.2370
0.7137
0.2372
0.6902
0.2167
0.5408
0.2360
0.7516
0.1190
0.5372
0.1053
0.4790
0.2018
0.7155

35.44
12.72
6.09
17.41
35.378
12.08
35.35
12.50
38.71
15.94
35.52
11.48
70.52
16.02
79.73
12.65
41.57
12.06

0.1 wt CB
0.2 wt CB
0.3 wt CB
0.4 CB
0.5 CB
1 CB
3 CB
5 CB
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Table A.4.: Peak locations of XRD spectra for the BaTiO3 samples.

Pure Samples

No [-]

Location [deg]

FWHM [deg]

Crystal size [nm]

2 Ba

1
2
1
2
1
2
1
2

18.57
22.75
18.85
22.67
18.86
22.95
19.42
23.8

0.3186
0.7229
0.1841
0.5117
0.5822
0.9887
0.0925
0.5925

26.30
11.91
45.58
16.82
14.41
8.72
91.03
55.75

4 Ba
6 Ba
8 Ba

A.0.3. Data for Full Cell Analysis
Table A.5.: Cycling procedure for full cell analysis

Step

Step Label

Control Type

Control
Value

Max
Current
[A]

1
2
3
4
5
6
7
8
9
10
11
12
13

Initial Rest
Step R
CV 0.5
CC Charging C/20
CC Discharging C/20
Rest after C/10
CC Charging C/2
Stepp AA
CC Discharging C/2
Rest after C/2
Step AB
Increment Cycle Index
Step N

Rest
Internal Resistance
Voltage(Digital)(V)
Current(A)
Current(A)
Rest
Current(A)
Voltage(Digital)(V)
Current(A)
Voltage(Digital)(V)
Rest
Set Variable(s)
Set Variable(s)

Amp: 1E-006
0.5
(A):2.622E-005
(A):-2.622E-005
(A):0.0002622
2.7
(A):-0.0002622
1.7
Reset
Reset

5E-005
0
5E-005
5E-005
0.001
0.0003
0.0003
0.0003
-
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(a)

(b)

(c)

Figure A.2.: Three major results of process and recipe investigation that determine window for
process parameters. (a) not jet polymerized; (b) well polymerized; (c) sample after
unwanted exothermic reaction
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B. Analysis on how fast a coin cell battery heats up to a given oven temperature

B.1. Statement of the problem
Measuring the ionic conductivity of a battery coin cell is typically done by Electrochemical
Impedance Spectroscopy (EIS) at a variety of temperatures. In order for the cell to be at this
temperature it is usually put in an oven half an hour before testing. To ensure reliable and
repeatable EIS results the whole battery has to be at the specified temperature without
temperature gradients within the cell. Because the ionic conductivity is much higher at
higher temperatures, inhomogeneous temperatures would lead to false results. The goal of
this project is to calculate how long a coin cell of dimensions 20 mm x 3.3 mm needs to have
adapted to the oven temperature uniformly. If the resulting time is considerably shorter
than how long the batteries are put in the oven right now before testing, this could speed
up the process of doing EIS.

B.2. Details and assumptions
The coin cell in question for this project consists of a bottom and top cover, between which
an anode, a polymer electrolyte (PE), a cathode and a spring is placed. The spring holds
the pressure between these components and ensure a large interface. This set-up can be
seen in Figure B.1.

Figure B.1.: Full coin cell set-up as prepared. Not true to scale.

Because the spring is placed over the bottom cover and they both consist of stainless steel,
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they will be seen as one component. The cell will be surrounded by the set temperature,
so it will heat up from the bottom and top at the same time. Assuming that anode and
cathode heat up at the same rate, the only time interesting for this project is how long it
takes for half the cell to heat up. For this project, the components to be modelled are the top
cover, the anode and half of the PE. The system to be modelled can be seen in Figure B.2.
Furthermore, because the thickness t of the cell is much smaller than the diameter of the
cell, only the heat transfer in the x-direction will be taken into consideration.

Figure B.2.: Simplification of coin cell set up for modelling purposes. Not true to scale.

B.3. Problem Set-Up
The governing equation for heat transport is Eq. (1), where ρ is the density, cp is the heat
capacity, T represents temperature, t is the time, v is the velocity, r represents the internal
heat generation, q is the heat, P is the pressure and τ is the stress tensor due to shear.


ρcp

δT
δP
+ v · ∇T = r − ∇ · q − T · ( )∇ · v + ∇v : τ
δt
δT


(B.1)

The following assumptions will be made:
1. We have no internal heat generation, because no current flows through cell.
2. We have no temperature gradients at the different material’s interfaces.
3. The temperature profile will only vary in the x-direction, because the thickness of the
cell is much smaller than the diameter.
With these assumptions and the fact that in our case no material moves inside the battery,
so that the velocity terms can be neglected, the resulting equation is the following:
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ρcp

δT
δt



= −∇ · q

(B.2)

With Fourier’s law shown in Eq. (3)
q = −k∇T

(B.3)

the governing equation becomes Eq. (4).
δT
k δ2T
·
=
δt
ρcp δx2

(B.4)

If letting x = 0 be the core of the battery, so that x increases the further one goes to the
surface of the battery, the initial and boundary conditions are:
1. I.C.: T (x, t = 0) = Tlab = 18°C = 291.15 K
1. B.C.: at x = 0, −k ·

δT
δx

= q0

2. B.C.: at x = L, −k ·

δT
δx

= h(T − T∞ )

3. B.C.: at x = 0,

δT
δx

=0

Calculating the effective heat transfer coefficient kef f :
Fourier’s law from eq. (3) can be written as:

q=

ki ∆Ti
di

(B.5)

By rearranging eq. (5) and taking into account the amount of components in the PE, its
heat transfer coefficient is determined to be kef f = 5.88

W
mK .

The thickness, density, effective heat transfer coefficient and effective heat capacity of
every material is listed in table B.1.
By inserting the materials properties for all components of the simplified model one
obtains the heat transfer coefficient for the total model ktotal :

ktotal =

1 · 10−3 m + 0.1 · 10−3 m + 0.25 · 10−3 m
10−3 m2 K
15W

+

10−4 m2 K
0.55W

+
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0.25·10−3 m2 K
5.88W

= 4.64

W
mK

(B.6)

Table B.1.: Materials to model for this battery set-up. Data from [87], [88], [89], [90], [91]
Component

Materials

Thickness

Effective
density

effective
heat
transfer
coefficient
kef f

effective
heat
capacity
cp,ef f

Cover
Anode
PE

stainless steel
LTO-based
PEO,
CB,
LiTFSI

1 mm
0.15 mm
0.3 mm

kg
7500 m
3
kg
650 m
3
kg
2193 m
3

W
15 mK
W
0.55 mK
W
5.88 mK

J
502 kgK
J
1142 kgK

The overall heat capacity was chosen from literature research and led to cp,total = 1142

J
kgK

B.4. Solution
Taking Eq. (4) as basis there is one steady state (SS) solution and one unsteady state
solution that has to be solved.

B.4.1. Steady state solution
Physically, the steady state temperature TSS has to be the oven temperature Toven , as no
accumulation or depletion of heat is allowed. So the steady state solution is:
TSS = Toven = 40◦ C

This solution has to be verified analytically: The steady state solution

(B.7)

δT
δt

= 0 leads to

δ2T
=0
δx2

(B.8)

TSS = C1 x + C2

(B.9)

Integrating twice leads to

The boundary conditions are:
B.C. 1:
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[87].

T (x, T = 0) = Toven

(B.10)

B.C. 2:

−k

TSS
= h(T (x = 0) − Toven )
dx

(B.11)

B.C. 3: symmetry condition at x = 0:
dTSS
=0
dx

(B.12)

The physical solution TSS = Toven satisfies all boundary conditions.

B.4.2. Unsteady state solution
The dimensionless quantity θ will be defined as

θ=

T − T∞
T0 − T∞

(B.13)

and can thus range from 0 to 1. The equation to solve for the change in temperature consists
of a steady state part and an unsteady state part, Eq. (14).

T (x, t) = TSS (x) + θ(x, t)

(B.14)

The starting point is the following equation, with the last term being 0 by definition of
steady state.
k
δ θ̂
=
·
δt
ρcp

δ2T
δ 2 TSS
+
δx2
δx2

!

(B.15)

The boundary condition is now:
B.C. 1: Newtons Law of Cooling

k

dT
= h(T − Toven )
dx
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(B.16)

Inserting this into Eq. (14) leads to

k



δ θ̂
dTSS
+k
= h θ̂ + TSS (x) − Toven
δx
dx

With TSS = Toven the two terms of Toven cancel out. Furthermore

(B.17)

dTSS
dx

= 0 by definition.

The remaining equation is:

k

δ θ̂
= hθ̂
δx

(B.18)

Now, separation of variables can be performed. The following equation

θ̂ = X̄(x)T̄ (x)

(B.19)

will be derived and inserted into Eq. (15). This leads to:

X̂
Here α =

k
ρcp .

dT̂
d2 X̂
= αT̂
dt
dx2

(B.20)

Dividing this by X̂ and by T̂ leads Eq. (21), where the right side is only

dependent on t and the left side is only dependent on x. This can only be the case if both
terms are equal to a constant, here named −C 2 .
1 dT̄
α d2 X̄
=
= −C 2
T̄ dt
X̄ dx2

(B.21)

This equation can be divided into two parts, where Eq. (22) represents the location-dependent
part and Eq. (23) represents the time-dependent part. Both have to be solved.
d2 X̄
C2
+
X̄ = 0
dx2
α

(B.22)

dT̄
= −C 2 T̄
dt

(B.23)

Location-dependent solution:
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The solution of Eq. (22) is

X̄(x) = Acos(λx) + Bsin(λx)

with λ =

k2
α.

(B.24)

Here λ corresponds to the Eigenvalue of the equation, meaning that there

is a solution for every λ.
The boundary conditions are now:
B.C 1: at x = 0
dX̄
=0
dx

(B.25)

h
dX̄
= − X̄
dx
k

(B.26)

B.C 2: at x = D

The derivation of Eq. (24) gives Eq.(27):
dX̄
= Aλ(−sin(λx)) + Bλcos(λx)
dx

(B.27)

The first boundary condition leads to:

B=0

(B.28)

and the second boundary condition leads to:

tan(λx) =

h
kλ

(B.29)

If now the right side of the equation is plotted over the left side, all the interceptions
would be possible results to solve this equation. This plot is shown in Figure B.3, in the
simulation part of this project. The linearly independent possible solutions will now be
named λn . Because they are linearly independent, the complete solution will be the sum of
all possible ones. However, only the first 3 terms will be taken into account for this project,
as more terms have less and less impact on the full solution. This will become apparent
when calculating the time-dependent part. With this the solution to this part becomes:
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X̄ =

3
X

An cos(λn x)

(B.30)

n=1

The value of An will be found out by applying the initial condition to the time-dependent
part of the solution.
Time-dependent solution:

The time-dependent solution starts with the Eq. (23).

Separation of variables and

integrating the equation gives:
T̄ = exp(−C 2 t)

(B.31)

Taking into account the first three terms, because high negative numbers in the exponent
mean negligibly small terms, leads to:

T̄ =

3
X

Mn exp(−Cn2 t)

(B.32)

n=1

The unsteady state part of the solution is thus:
3
X

θ(x, t) =

An cos(λn x)Mn exp(−Cn2 t)

(B.33)

n=1

I order to find out An , the initial condition, Eq.(34), will be used.

T (x, 0) = Tlab

(B.34)

The rearranged solution thus becomes:

Tlab − Toven =

3
X

An cos(λn x)

(B.35)

n=1

By multiplying both sides with cos(λn x) and integrating it over the complete thickness,
one obtains:
RD

M n An =

0

(Tlab − Toven )cos(λn x) dx
RD
0

cos2 (λn x) dx
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= Zn

(B.36)

B.4.3. Complete solution
The total solution is obtained by adding the steady state and the unsteady state solution
together.

T (x, t) = Toven +

3
X

Zn cos(λn x) exp(−Cn2 t)

(B.37)

n=1

B.4.4. Implementation in Matlab®
The values for λn can be determined from the intercepts between the two functions of
Eq. (29) represented in Figure B.3.

Figure B.3.: Intercepts of the two functions displayed give values for λ

This graph gives intercept values of λ1 = 142, λ2 = 2192 and λ3 = 4313. Inserting these
values into the complete solution of Eq. (37) provides the times, at which the battery has
adapted to the oven temperature. The following graph shows the results. If the core of the
battery has to heat up from the laboratory temperature of 18°C to an oven temperature
of 40°C, it takes the cell 145 seconds. Heating up to 50°C takes 155 seconds. Reaching
60°C takes 162 seconds and reaching 70°C takes 168 seconds. What has to be taken into
account is that the temperature reached at this point in time is 0.05°C less that the set oven
temperature. Reaching the set temperature would theoretically mean an infinite amount of
heating time. So for feasibility a slightly lower temperature was chosen as the goal.
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Figure B.4.: Amount of time after which the core of the coin cell battery has reached the set oven
temperature

Taking a look at the temperature distribution inside the modelled battery parts and
comparing different time steps leads to the four graphs presented in Figure B.5. In consistency
with Figure B.1, the four graphs show that the biggest change in temperature happens in
the first 10 seconds. This makes sense, as the temperature gradient is at its highest at the
beginning.
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(a)

(b)

(c)

(d)

Figure B.5.: Temperature distribution inside the battery model after various times at Toven of 40°C,
50°C, 60°C and 70°C.

B.4.5. Discussion and Conclusion
The calculations show, that the battery adopts the oven temperature within slightly below
3 minutes. In reality, however, the process of heating up will take a little more time.
The reason for this are the assumptions made for this problem. First, the cover and the
spring were seen as one stainless steel component. While they indeed are made of stainless
steel, the model does not account for the air that surrounds the spring. Air is a good
insulator, leading to longer times to heat up the inner parts of a battery. Second, perfect,
large interfaces between cover and anode as well as between anode and electrolyte were
assumed. In reality some air could be trapped in between, especially if the electrodes
and electrolyte are assembled of free-standing, separate films. Another source of error are
the effective heat transfer coefficient, the density and effective thermal conductivity. For
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the calculations material specific values were looked up for these two coefficients and were
combined depending on the amount of material. Practically, densities change, especially
when the lithium salt or Bariumtitanate particles dissolve in the PEO.
On the other hand, the assumption that heat only flows in the x-direction and not in the
radial direction, lead to slower heating up in the simulation. If heat travels into the battery
from the sides, which it does in reality, the battery effectively heats up more quickly.
All of these mentioned factors influence the temperature profile, but the general message
can stay the same: The time the battery needs to heat up is in the order of magnitude of
single digit minutes. The 30 min to 45 min, which is what was used for experiments before
can be considered as too long. Applying the results from this analysis in practice will speed
up the process and allow for more efficient analysis, like quicker Electrochemical Impedance
Spectroscopy.
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